Quantum computers utilize intrinsically quantum mechanical properties of matter to perform some difficult computational tasks, such as prime factorization, exponentially faster than classical computers 1 . However, quantum computation, while being possible in principle, is turning out to be difficult because quantum error corrections are very hard to carry out, and without error correction, no substantial computation process, quantum or classical, is feasible. Unfortunately, the tolerance for errors in a quantum error correction scheme 2 is very small, which leads to the necessity for a very large number of additional 'physical' qubits (quantum bits) for each 'logical' qubit in a complex quantum computer architecture. In this context, a revolutionary recent development is the concept of topological quantum computation 
The topological state of matter has enhanced ground state symmetries which do not exist in the bare Hamiltonian of the system. This enhanced topological symmetry protects the ground state from quantum errors associated with external fluctuations providing the robustness needed for faulttolerant quantum computation.
The early proposal 4 3, for topological quantum computation was studied mostly as a deep mathematical curiosity because no physical implementation was thought to be possible. This all changed recently when serious specific suggestions 15 were made to study non-Abelian topological order through manipulating delicate fractional Quantum Hall (FQH) states in low-temperature twodimensional electron layers as an initial step to building a topological quantum computer in the laboratory. These suggestions have generated a great deal of interest in a broad spectrum of disciplines including physics, mathematics, computer science, and of course, quantum computation.
Several groups are currently working on carrying out experiments to see if FQH topological quantum computation is feasible even as a matter of principle.
The main problem in carrying out topological quantum computation using FQH states is that there is essentially no experimental evidence determining whether the actual experimentally observed 5/2 and 12/5 FQH states are in fact non-Abelian states, allowing quantum computation.
Therefore, initial experimental work will be directed entirely toward an experimental demonstration of the topological nature of these states. Such an experimental demonstration by itself will be important since topological quantum states have never been directly observed experimentally.
In this article, we discuss a different situation, where the topological nature of the quantum state is assured by design, i.e. the quantum state is constructed as a topological state. These are model systems controlled by Hamiltonians whose properties guarantee topological protection. The most famous example of this is the magnetic Kitaev lattice, described in the pioneering papers 3 , 2 on topological quantum computation. The Kitaev model is an exactly soluble lattice model that carries excitations with both Abelian and non-Abelian anyonic braiding statistics, which are the hallmarks of topological quantum matter, i.e. excitations which do not obey ordinary bosonic and fermionic statistics, but are anyons with more complex statistical behavior 5 arising from braiding. The usual particle around another of the same species followed by a translation to effectively exchange the positions of the two particles. The net result is an overall gain in a plus or minus sign in the wavefunction for bosons or fermions, respectively. Note that a full braid (a closed loop) does not result in a sign change. The Abelian anyon wavefunction, by contrast, acquires a phase factor upon a full braid of one anyon around another while a braid of non-Abelian anyons unitarily transforms the wavefunction as a vector in a finite-dimensional Hilbert space 5 , making the successive braiding operations non-commutative. We note that a proposal 20 for observing the Abelian anyonic phase in a rotating BEC consisting of a small number of atoms has recently been made in the literature. The proposed system is essentially a small continuous quantum Hall liquid and completely different from the large discrete Kitaev lattice system discussed here. As we will see the origin and creation of anyonic excitations, the braiding operation, the detection of statistics, and even the large size (   5   10  atoms) of the lattice system are completely different in ways which make optical lattices, and specifically the Kitaev model, a more attractive candidate for realizing and detecting topological matter.
We stress that the techniques for braiding and read-out proposed here provide a necessary first step in eventually performing topological quantum computation in optical lattices. Here we should make a clear distinction between quantum computation using Abelian and non-Abelian systems. An
Abelian anyonic system has two degenerate ground states which cannot mix by a weak local external perturbation in the sense that the errors induced by local perturbations are exponentially suppressed
, where L is the linear size of the system, and ξ is a characteristic length inversely proportional to the excitation gap 4 3, . In the ground state sector, one thus has a topologically protected two-state system which, on multiply connected surfaces, can be duplicated to produce an array of qubits and used for topological quantum memory 4 3, . Quantum computation can then be accomplished by devising the conventional non-topologically protected single-and two-qubit gates.
In a non-Abelian topological phase (qubits are topologically protected here as well), on the other hand, the quantum gates can be constructed simply by braiding one quasiparticle around another thereby exploiting the statistical effects of these braids. Therefore, implementation of these gates is immune to local deformations of the braiding trajectory since the effects of the braid transformations are statistical and hence only depend on the braid topologies. In this sense the putative quantum gates are noiseless.
Recently Ioffe et al. 21 proposed building Josephson-junction arrays to simulate the quantum dimer model on some frustrated lattices which in turn supports topological phases and quantum computation in the Abelian setting. However, the corresponding Josephson-junction architecture for a non-Abelian phase is extremely complex 22 . The beauty of the Kitaev model is that, in contrast to the quantum dimer model, it can support both the Abelian and the non-Abelian phases just by varying the optical lattice parameters. Optical lattices offer a much more coherent and tunable quantum system than the Josephson-junction system necessary for the implementation of the topological phases. Therefore, with a view to an eventual topological quantum computer built with the non-Abelian phase, we focus our attention here on the Kitaev optical lattice model. Our work here clarifies the nature of the elementary excitations, the origin of the topological phase change acquired by the wavefunction upon braiding, and how one can experimentally carry out the braiding operation and detect the braiding statistics in the Abelian phase of the Kitaev lattice, all of which are directly applicable to the more complex non-Abelian phase. In the non-Abelian phase although the precise mathematical construction of the braiding operator remains, as of now, unknown 23 and work in this direction is in progress, it is clear that on the operational level it involves the same successive single site spin manipulations as we discuss here, and so the underlying experimental techniques remain the same. Thus, we take an important first step towards topological quantum computation in optical lattices. Furthermore, even the simple observation of Abelian topological ("anyonic")
properties in an optical lattice along the lines of our proposed braiding procedure and the subsequent read-out scheme will be a breakthrough achievement in itself, since anyonic statistics have never been directly demonstrated in any experimental system.
The Kitaev model describes a set of individual spins placed at the vertices of a two dimensional honeycomb lattice with a spatially anisotropic interaction between neighboring spins.
The Hamiltonian is given by 4 :
where α J are interaction parameters and α σ j are the Pauli matrices at the site j , for
Normally, neighboring spins in Heisenberg models interact isotropically so that the spin-spin interaction does not depend on the spatial direction between neighbors. In the above model, however, neighboring spins along links pointing in different directions (see Fig. 1a In this honeycomb lattice, we can engineer the anisotropic spin-spin interactions
Equation (1) We briefly discuss two technical issues with this scheme: spontaneous emission and finite temperatures. Because of the large detuning of the spin-dependent lasers, the spontaneous emission rate for atoms is suppressed and may be estimated
is the decay rate of the excited hyperfine state. This decay rate is sufficient to allow the preparation of the initial ground states as well as many spin operations. In addition, the temperature of the system needs to be much lower than the spin-spin interaction strength
<<
, which sets a strict requirement for experiments. Larger temperatures will populate the system with an excess of unwanted excitations.
Given the ability to engineer the ground state of the above model, how do we create
excitations? In what follows we consider the limit defining the Abelian phase,
, as a conceptual first step toward realizing non-trivial braiding statistics. In the case 0 
, where an external field applied for a time τ reorients both spins. Such operators require control over single atoms at specific sites. However, it is not clear how one can apply a well controlled external potential to a single lattice site because the lattice spacing is on the order of the laser wavelength. Accordingly, systems at the diffraction limit will incorporate several sites at the same time and therefore prevent manipulation of spins of single atoms. A recent proposal 27 establishes a simple and efficient technique for selectively manipulating spin states of single atoms using a combination of focused lasers and microwave pulses, which, as we will show, enables the creation and manipulation of vortices through individual spin operations.
As a precursor to applying single spin operations, we first adiabatically ramp up the lattice.
Adiabatic ramping of the lattice depth imposes a key simplification used prior to (and after) a set of single particle operations. Consider an adiabatic ramping up of the spin-independent optical lattice from an initial barrier R E 14 to around R E 25 , while adjusting the spin-dependent lattice potential correlated ground state. After spin operations on the ground state are completed we adiabatically lower the optical lattice potential depth. Note that we adiabatically ramp up (or down) the lattices in such a way that it merely decreases (or increases) the overall interaction energy scale, and does not perturb the structure of the spin Hamiltonian. Therefore such processes keep the state as the eigenstate of the Hamiltonian and the adiabatic time scale is limited by excitations to higher bands of lattices, instead of the spin-spin interaction strength.
We now discuss a scheme designed to implement a set of single spin operations after the adiabatic ramp up. In Fig. 2 , we plot the atomic potential in a two dimensional, color-scale plot in the presence of a focused laser extending perpendicular to the honeycomb plane with an intensity maximum at a specific lattice site. The spatial distribution of the focused laser intensity induces position-dependent splittings between spin states ↑ and ↓ . For the target atom, the focused laser A microwave pulse applied to the whole system will rotate the spin state of the target atom.
The microwave frequency is chosen to be resonant with the hyperfine splitting of the target atom where the focused laser is applied, but has a detuning estimated to be − . In addition, refocusing microwave pulses can be used to eliminate the phase variations of neighboring atoms due to the Rabi pulses 27 . By combining estimates from the adiabaticity criteria and the Rabi equation we find that the single spin operations may be accomplished in roughly 200µs (including ramping up and down of the focused laser, the microwave pulse period) and the probability to spontaneously scatter an unwanted photon is estimated to be small, . There is therefore no net gain in an overall minus sign in a braid of an e -vortex around another e -vortex. The situation is different when an e -vortex is braided around an m -vortex as shown in Fig. 3b where the same procedure as that in Fig. 3a has been We find a net gain of an overall minus sign in a braid of an e -vortex around an m -vortex.
We arrive at an important aspect of quasiparticle braiding and related statistics. The defining moment in braiding occurs at the braid crossing point. The notion of braiding statistics is topologically robust because the closed loop may acquire small fluctuations in shape due to external localnoise, but, as long as it is a closed loop about one m-vortex, the special point D remains somewhere on the lattice. The spin states at the point D provide an observable quantity useful in detecting anyonic braiding statistics.
We propose an interference experiment to observe the change in sign brought about by the braiding procedure. Consider two cases: an e-vortex braided around nothing, i.e. the vacuum state, which, after a full braid, leads to the original ground state, g ψ , and an e -vortex braided around an m -vortex, which leads to
Taken separately the overall sign in each case is not directly observable. We create a superposition of both scenarios by simultaneously braiding the e -vortex around both the vacuum and an m -vortex, Fig. 4a . We generate this superposition by separating two m -vortices along the horizontal path H C with a sequence of 2 / π pulses using the operations: , showing a pair of m -vortices at the site D′ (Fig. 4c) . Had the m -vortex never been placed at the center of the loop L C , the interference experiment would produce no signature at the point ' D and the system would return to its ground state, g ψ , upon a full braid, (see Fig. 4b ). Therefore, detecting a pair of m-vortices at the location ' D in the interference experiment would provide concrete evidence for anyonic statistics.
Detecting the presence of two adjacent vortices (Fig.4c ) is tantamount to observing the local spin-spin correlators, . Unfortunately, local spin correlations can only be measured by local operations which distinguish themselves from conventional time of flight imaging methods that measure collective effects of the whole system 28 . Here we propose a scheme to detect local spin correlations using local operations, which essentially establishes a probe to detect the presence of individual vortex pairs.
We first note that the spin correlator between atoms at two sites D′ and F can be written as 
The experimental scheme is plotted and described using four steps as shown in 
, where We have shown how to create, braid, and detect Abelian anyons in a spin model defined on a honeycomb optical lattice. Our proposed observation of anyonic statistics utilizes two important precursors necessary for topological quantum computation: i) establishing the existence of a topological phase of matter, and ii) defining a braiding and readout procedure for executing suitably defined elementary gate operations with the goal of using topological excitations for quantum computation. Our braiding and detection techniques can also be used to generate different types of excitations useful in creating a set of topologically protected quantum gates using non-Abelian anyons, which may be found in the model discussed here but in a different parameter regime or in different models implemented with optical lattices. The two-dimensional plane plots the color scaled potential seen by atoms sitting in the honeycomb lattice but in the presence of a focused laser. Dark blue indicates the potential minimum for the spin down hyperfine state while dark red indicates the maximum. A schematic of the focused laser extends out of the plane. Microwave pulses drive the transitions between two spin states (the inset), but only for an atom at the center of the focused beam. Atoms at sites away from the center experience a weak potential which keeps the hyperfine levels off resonance. 
